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Abstract
Using a coupled channel unitary approach, combining the heavy quark spin symmetry and the
dynamics of the local hidden gauge, we investigate the meson-meson interaction with hidden beauty
and obtain several new states. Both I = 0 and I = 1 states are analyzed and it is shown that in
the I = 1 sector, the interactions are too weak to create any bound states within our framework.
In total, we predict with confidence the existence of 6 bound states, and weakly bound 6 more
possible states. The existence of these weakly bound states depend on the influence of the coupled
channel effects.
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I. INTRODUCTION
The world of heavy quarks, charm and beauty, is experiencing a fast development, with a
plethora of new states being found in facilities as BABAR, CLEO, BELLE, BES [1–4]. The
coming facility of FAIR will certainly add new states corresponding to quantum numbers
which are not accessible with present machines. The states capturing more attention are
those that do not fit within the standard picture of mesons as qq¯ or baryons as qqq, and which
require more complex structures, like tetraquarks, meson molecules, or hybrids including
possible glueballs, for mesons, or pentaquarks and meson baryon molecules for baryons.
The field of meson molecules in the charm sector has been much studied [5–16] and many
of the observed states with hidden charm and open charm are shown to be consistent with
the molecule interpretation, with a good reproduction of the different observables of those
states. The work on the charm sector is gradually moving to the beauty sector and there
are works dealing with b or hidden b meson molecules built up from other mesons containing
some b quark [17–24]. The recent discovery of the hidden beauty Zb(10610) and Zb(10650)
states in three charge states [25–27], and hence with isospin I=1, has brought a new stimulus
to the molecular idea [20, 21, 23], since they cannot be bb¯ quarkonium states.
One of the elements that has allowed progress in the heavy quark sector is the imple-
mentation of the heavy quark spin symmetry (HQSS) [28–31]. QCD predicts that all types
of spin interactions vanish for infinitely massive quarks and thus, for heavy quarks the dy-
namics is unchanged under arbitrary transformations of their spin. This heavy quark spin
independence is the essence of the HQSS, and leads to many predictions concerning proper-
ties of particles containing heavy quarks. It also implies that the leading interaction terms
are independent of the flavor. However, the HQSS does not determine the interaction, sim-
ply puts some constraints in it, and to proceed further to make predictions one must rely
upon some experimental information or use models. In this sense, the work of [20] uses
properties from the X(3872) resonance, which is assumed to be a DD¯∗ − cc molecule, and
extrapolates this information to make predictions of BB¯∗ − cc molecules.
An alternative approach to using empirical data to constraint the interaction is the use of
some dynamical model. The use of chiral Lagrangians has been a common thing in this kind
of works, but its extension to the heavy quark sector is not straightforward. Conversely, the
use of the local hidden gauge Lagrangians has allowed much progress in the heavy sector.
Indeed, the Lagrangians of this theory [32–34], introducing pseudoscalar and vector mesons
as building blocks, provides the same information as the chiral Lagrangians up to next
to leading order under the assumption of vector meson dominance [35], and additionally
introduces explicitly vector mesons and their interaction in the theory. This feature is much
welcome when working in the heavy sector, because the independence on the spin of the
heavy quarks puts at the same level the D and D∗ and the B and B∗, and one has to deal
with them simultaneously. The other bonus from using the hidden gauge formalism is that it
shows that the leading chiral Lagrangian is obtained by exchanging vector mesons between
the interacting particles. In the SU(3) sector, these are the ρ, ω, φ,K∗. In the charm or
beauty sector the D of B mesons contain a light quark, and in their interaction it is these
light quarks that are exchanged with vector-meson quantum numbers, and then the analogy
with the interaction in the light sector becomes apparent. Of course in addition one might
also exchange heavy vectors in the charm or beauty sectors, but their large mass renders
their propagators small and those terms become subdominant. From this perspective it
looks quite intuitive that many results obtained in the SU(3) sector can be extrapolated to
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the heavy sector. What is less intuitive, but can be seen from the dynamics, is the recent
finding in [36] that the local hidden gauge dynamics fully respects the constrains of HQSS.
In this latter work, baryons with hidden charm are investigated. The resulting theoretical
framework is also extended to study baryon states of hidden beauty in [37].
The finding that the local hidden gauge approach respects HQSS is quite relevant since
it allows one to be more predictive, even if some phenomenology is still needed to regularize
the loops of the theory. But certainly, having the interaction given by the hidden gauge
Lagrangians allows one to tackle theoretically many problems where there is scarce or no
phenomenology, as is the case of the beauty sector.
This is the purpose of the present paper where we tackle the interaction of BB¯, BB¯∗
and B∗B¯∗ in the hidden beauty sector and make predictions for bound states. We will find
bound states in all sectors and in sum we get six states with different quantum numbers.
The states have their correspondence with states already seen, or predicted in the hidden
charm sector. One bound BB¯ state would correspond to the so called X(3700), predicted
in [8] for which experimental support is obtained from the e+e− → J/ψDD¯ reaction in [38].
Two bound states are also obtained for BB¯∗ in analogy to the DD¯∗ X(3872) resonance
that has C-parity positive, plus an extra one with negative C-parity, and three more states
are obtained from B∗B¯∗ corresponding to states with different spins obtained for the D∗D¯∗
system in [39]. All the states obtained have isospin I=0. By using the leading term from
the HQSS generated from the local hidden gauge approach, we do not get I=1 states. Thus,
the interesting Zb(10610) and Zb(10650) states are not generated at this level. The fact
that these states are weakly unbound from the BB¯∗ and B∗B¯∗ thresholds could hint at
subdominant terms in HQSS responsible for their generation, thus justifying why they do
not appear just using the dominant term.
II. HQSS FORMALISM
Following the work of [36] for hidden charm baryons, we extrapolate the formalism to the
hidden beauty sector for the mesons. Therefore we can study mesons with hidden beauty
with isospin I = 0, 1, and spin J = 0, 1, 2. We take as coupled channels states with B, B∗,
Bs, B
∗
s and their corresponding antiparticles. For the different I, J quantum numbers we
have the following space states.
1) J = 0, I = 0
BB¯, BsB¯s, B
∗B¯∗, B∗s B¯
∗
s .
2) J = 0, I = 1
BB¯, B∗B¯∗.
3) J = 1, I = 0
BB¯∗ (B∗B¯), BsB¯∗s (B
∗
s B¯s), B
∗B¯∗, B∗s B¯
∗
s .
4) J = 1, I = 1
BB¯∗ (B∗B¯), B∗B¯∗.
5) J = 2, I = 0
3
B∗B¯∗, B∗s B¯
∗
s .
6) J = 2, I = 1
B∗B¯∗.
With different spin quantum number there are 12 orthogonal states (of which 6 are having
hidden strangeness) in the physical basis for I = 0. For I = 1 there are only 6 states since the
hidden strangeness states have I = 0. Next we will introduce a HQSS basis [36], for which it
is straightforward to implement the lowest order HQSS constraints. In the HQSS basis we
will classify the states in terms of the quantum numbers, J : total spin of the meson-baryon
system, L: total spin of the light quarks system, Sbb¯: total spin of the bb¯ subsystem. Note
that we study ground state mesons, which means that all orbital angular momenta are zero.
Thus, we have 12 orthogonal states in the physical basis. The 12 orthogonal states in the
HQSS basis are given by
• |Sbb¯ = 0, L = 0 ; J = 0
〉
, |Sbb¯ = 0, L = 0 ; J = 0
〉
s
,
• |Sbb¯ = 0, L = 1 ; J = 1
〉
, |Sbb¯ = 0, L = 1 ; J = 1
〉
s
,
• |Sbb¯ = 1, L = 0 ; J = 1
〉
, |Sbb¯ = 1, L = 0 ; J = 1
〉
s
,
• |Sbb¯ = 1, L = 1 ; J = 0
〉
, |Sbb¯ = 1, L = 1 ; J = 0
〉
s
,
• |Sbb¯ = 1, L = 1 ; J = 1
〉
, |Sbb¯ = 1, L = 1 ; J = 1
〉
s
,
• |Sbb¯ = 1, L = 1 ; J = 2
〉
, |Sbb¯ = 1, L = 1 ; J = 2
〉
s
.
The subindex s in the former states means that the light quarks are strange.
In order to take into account the HQSS it is interesting to use the heavy quark basis in
which the spins are rearranged such as to combine the spin of the bb¯ quarks into Sbb¯ since
the matrix elements do not depend on this spin. One classifies the HQSS in terms of ~Sbb¯, ~L
and ~J . The conservation of ~Sbb¯ and ~J leads to the conservation of ~L = ~J − ~Sbb¯ and then in
the HQSS basis the matrix elements fulfil〈
S ′bb¯, L′; J ′, α′|HQCD|Sbb¯, L; J, α
〉
= δαα′δJJ ′δS′
bb¯
S
bb¯
δLL′
〈L;α||HQCD||L;α〉. (1)
Thus, in a given α sector, we have a total of six unknown low energy constants (LEC’s):
• Three LEC’s associated to L = 0
λα0 =
〈L = 0;α||HQCD||L = 0;α〉 (2)
λα0s = s
〈L = 0;α||HQCD||L = 0;α〉
s
(3)
λα0m =
〈L = 0;α||HQCD||L = 0;α〉
s
(4)
• Three LEC’s associated to L = 1
λα1 =
〈L = 1;α||HQCD||L = 1;α〉 (5)
λα1s = s
〈L = 1;α||HQCD||L = 1;α〉
s
(6)
λα1m =
〈L = 1;α||HQCD||L = 1;α〉
s
(7)
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FIG. 1. Diagrams for the calculation of 9-j coefficients.
Therefore in the HQSS basis, the HQCD is a block diagonal matrix.
To exploit Eq. (1), one should express hidden beauty uncoupled meson-meson states in
terms of the HQSS basis.Therefore, one needs to use 9-j symbols.
The 9-j symbols are used to relate two basis where the angular momentums are coupled
in a different way. Taking two particles with ~l1, ~s1 and ~l2, ~s2, we can combine them to ~j1, ~j2
and finally ~j1, ~j2 to total ~J . Alternatively we can couple ~l1, ~l2 to ~L, ~s1, ~s2 to ~S, and then
~L, ~S to total ~J . These two bases are related as [41]
|l1s1j1; l2s2j2; JM
〉
=
∑
S,L
[(2S + 1)(2L+ 1)(2j1 + 1)(2j2 + 1)]
1/2
×


l1 l2 L
s1 s2 S
j1 j2 J

 |l1l2L; s1s2S; JM〉,
(8)
where the symbol {} stands for the 9-j coefficients.
As an example take a meson(M)-antimeson(M¯ ) state of the type B(∗)B¯(∗) and look at
the recombination scheme on Fig. 1. Thus in this case we have the correspondence,
generic: l1 l2 s1 s2 j1 j2 L S J
HQSS:
1
2
1
2
1
2
1
2
JM(0, 1) JM¯(0, 1) L(0, 1) Sbb¯(0, 1) J(0, 1, 2) .
with JM and JM¯ the total spin of the meson and antimeson respectively. Then one easily
finds:
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• J = 0
|BB¯〉 = 1
2
|Sbb¯ = 0, L = 0 ; J = 0
〉
+
√
3
2
|Sbb¯ = 1, L = 1 ; J = 0
〉
(9)
|B∗B¯∗〉 = −(
√
3
2
|Sbb¯ = 0, L = 0 ; J = 0
〉− 1
2
|Sbb¯ = 1, L = 1 ; J = 0
〉)
(10)
|BsB¯s
〉
=
1
2
|Sbb¯ = 0, L = 0 ; J = 0
〉
s
+
√
3
2
|Sbb¯ = 1, L = 1 ; J = 0
〉
s
(11)
|B∗s B¯∗s
〉
= −
(√3
2
|Sbb¯ = 0, L = 0 ; J = 0
〉
s
− 1
2
|Sbb¯ = 1, L = 1 ; J = 0
〉
s
)
(12)
• J = 1
|BB¯∗〉 = −(− 1
2
|Sbb¯ = 1, L = 0 ; J = 1
〉
+
1
2
|Sbb¯ = 0, L = 1 ; J = 1
〉
+
√
2
2
|Sbb¯ = 1, L = 1 ; J = 1
〉)
(13)
|B∗B¯〉 = 1
2
|Sbb¯ = 1, L = 0 ; J = 1
〉− 1
2
|Sbb¯ = 0, L = 1 ; J = 1
〉
+
√
2
2
|Sbb¯ = 1, L = 1 ; J = 1
〉
(14)
|B∗B¯∗〉 = −(√2
2
|Sbb¯ = 1, L = 0 ; J = 1
〉
+
√
2
2
|Sbb¯ = 0, L = 1 ; J = 1
〉)
(15)
|BsB¯∗s
〉
= −
(
− 1
2
|Sbb¯ = 1, L = 0 ; J = 1
〉
s
+
1
2
|Sbb¯ = 0, L = 1 ; J = 1
〉
s
+
√
2
2
|Sbb¯ = 1, L = 1 ; J = 1
〉
s
)
(16)
|B∗s B¯s
〉
=
1
2
|Sbb¯ = 1, L = 0 ; J = 1
〉
s
− 1
2
|Sbb¯ = 0, L = 1 ; J = 1
〉
s
+
√
2
2
|Sbb¯ = 1, L = 1 ; J = 1
〉
s
(17)
|B∗s B¯∗s
〉
= −
(√2
2
|Sbb¯ = 1, L = 0 ; J = 1
〉
s
+
√
2
2
|Sbb¯ = 0, L = 1 ; J = 1
〉
s
)
(18)
• J = 2
|B∗B¯∗〉 = −|Sbb¯ = 1, L = 1 ; J = 2 〉 (19)
|B∗s B¯∗s
〉
= −|Sbb¯ = 1, L = 1 ; J = 2
〉
s
(20)
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All the states with B¯∗ (or B¯∗s ) have an extra minus sign in the former formulas. This
is because we should take into account the C-parity for BB¯∗ and B∗B¯ (BsB¯∗s and B
∗
s B¯s),
as discussed in [15]. We know that Cˆρ0 = −ρ0, and then, we take CˆB∗ = −B¯∗, thus,
B¯∗ = −CˆB∗. Then, the B¯∗ behaves like B∗ by changing q → q¯ but with a minus sign.
Therefore, we should put a minus sign to all the states which are constructed with one B¯∗
(B¯∗s ) particle, listed above with HQSS basis. One can easily check that the constructed state
(BB¯∗ −B∗B¯)/√2 has positive C-parity, and (BB¯∗ +B∗B¯)/√2 negative C-parity (the ones
with hidden strangeness are similar). Then, we have
|BB¯∗(B∗B¯), C = +〉 = −|Sbb¯ = 1, L = 1 ; J = 1 〉 (21)
|BB¯∗(B∗B¯), C = −〉 = 1√
2
(|Sbb¯ = 1, L = 0 ; J = 1 〉− |Sbb¯ = 0, L = 1 ; J = 1 〉) (22)
|BsB¯∗s (B∗s B¯s), C = +
〉
= −|Sbb¯ = 1, L = 1 ; J = 1
〉
s
(23)
|BsB¯∗s (B∗s B¯s), C = −
〉
=
1√
2
(|Sbb¯ = 1, L = 0 ; J = 1 〉s − |Sbb¯ = 0, L = 1 ; J = 1 〉s)(24)
Keeping in mind these changes required by the C-parity of the constructed states, now
we can evaluate the transition matrix elements between the physical states. By taking into
account the former states in the HQSS basis, and using Eqs. (1)−(7) we obtain the transition
matrix elements in the physical basis.
• J = 0, I = 0
BB¯ B∗B¯∗ BsB¯s B∗s B¯
∗
s

1
4
λ0 +
3
4
λ1 −
√
3
4
λ0 +
√
3
4
λ1
1
4
λ0m +
3
4
λ1m −
√
3
4
λ0m +
√
3
4
λ1m
−
√
3
4
λ0 +
√
3
4
λ1
3
4
λ0 +
1
4
λ1 −
√
3
4
λ0m +
√
3
4
λ1m
3
4
λ0m +
1
4
λ1m
1
4
λ0m +
3
4
λ1m −
√
3
4
λ0m +
√
3
4
λ1m
1
4
λ0s +
3
4
λ1s −
√
3
4
λ0s +
√
3
4
λ1s
−
√
3
4
λ0m +
√
3
4
λ1m
3
4
λ0m +
1
4
λ1m −
√
3
4
λ0s +
√
3
4
λ1s
3
4
λ0s +
1
4
λ1s


I=0
(25)
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• J = 1(C = −), I = 0
BB¯∗ B∗B¯∗ BsB¯∗s B
∗
s B¯
∗
s

1
2
(λ0 + λ1)
1
2
(−λ0 + λ1) 12(λ0m + λ1m) 12(−λ0m + λ1m)
1
2
(−λ0 + λ1) 12(λ0 + λ1) 12(−λ0m + λ1m) 12(λ0m + λ1m)
1
2
(λ0m + λ1m)
1
2
(−λ0m + λ1m) 12(λ0s + λ1s) 12(−λ0s + λ1s)
1
2
(−λ0m + λ1m) 12(λ0m + λ1m) 12(−λ0s + λ1s) 12(λ0s + λ1s)


I=0
(26)
• J = 1(C = +), I = 0
BB¯∗ BsB¯∗s
 λ1 λ1m
λ1m λ1s


I=0
(27)
• J = 2, I = 0
B∗B¯∗ B∗s B¯
∗
s
 λ1 λ1m
λ1m λ1s


I=0
(28)
For I = 1 one removes the Bs, B
∗
s states in the former Eqs. (25)−(28). The coefficients
λIi , λ
I
is and λ
I
im (i = 0, 1) are the six unknown LEC’s of HQSS, which depend on isospin
and can be related using SU(3) flavour symmetry. The values of these coefficients are also
dependent on the model used. Following Refs. [36, 37] we also determine them in the next
section by using the local hidden gauge approach.
III. CALCULATION OF THE LEC’S WITH THE LOCAL HIDDEN GAUGE FOR-
MALISM
In the formalism of the local hidden gauge [32–34], the Lagrangians involving the ex-
changed vector mesons are given by
LV V V = ig 〈[Vν , ∂µVν ]V µ〉, (29)
LV PP = −ig 〈[P, ∂µP ]V µ〉, (30)
LPV V = G
′
√
2
ǫµναβ 〈∂µVν∂αVβP 〉, (31)
where g = mV /2f with f = 93 MeV the pion decay constant and taking mV = mρ, and
G′ = 3m2V /(16π
2f 3) [42, 43]. The field Vµ is the SU(4) matrix of the vectors of the meson
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P (V )
P (V )P (V )
P (V )
V, P
FIG. 2. Diagrams for interaction of pseudoscalar or vector mesons with themselves by means of
meson exchange.
B∗(k3, ǫ3)
B¯∗(k4, ǫ4)B¯∗(k2, ǫ2)
B(k1)
V (kex, ǫex)
B∗(k1, ǫ1) B
∗(k3, ǫ3)
B¯∗(k2, ǫ2) B¯∗(k4, ǫ4)
V (kex, ǫex)
LPV V
LV V V LV V V
LV V V
(b)(a)
FIG. 3. Diagrams for interactions of BB¯∗ → B∗B¯∗ and B∗B¯∗ → B∗B¯∗.
15-plet + singlet, P the SU(4) matrix of the pseudoscalar fields [44, 45]. Starting from
these Lagrangians, the PP → PP , PV → PV , V V → V V , PP → V V and PV → V V
interactions can be obtained using the Feynman diagrams by exchanging a vector meson or
a pseudoscalar depending on the case, as depicted in Fig. 2.
We have formally used SU(4) to obtain the vertices that are used to calculate the LECs.
This symmetry is broken to SU(3) by the large mass of the mesons containing the heavy
b quark. In the heavy quark limit (for the b quark), the mesons that contain the heavy
quark are not dynamic, i.e. they can not be exchanged as a virtual particle. In the finite
(but large) mass limit, these terms are suppressed by (mB∗)
−2 and they will be ignored in
the present work. The remaining diagrams contain only virtual vector mesons made of light
quarks. The couplings of these mesons to the heavy mesons are governed by the remaining
SU(3) symmetry.
With lowest order HQSS constraints, the six unknown LEC’s of λIi , λ
I
is and λ
I
im (i = 0, 1)
are spin independent. Therefore, we can determine them with the hidden gauge approach
by some selected channels, taking the transitions BB¯∗ → B∗B¯∗ and B∗B¯∗ → B∗B¯∗ for
example, shown in Fig. 3. In the upper vertex of Fig. 3 (a), using Eq. (31), we can have
tPV V ≃ ǫµναβ k3µ ǫ3ν kexα ǫexβ . (32)
For the lower vertex of Fig. 3 (a), using Eq. (29), we obtain
tV V V =
g√
2
(k2 + k4)µ ǫ2ν ǫ
ν
4 ǫ
µ
ex. (33)
Thus, from these results, we can estimate the magnitude about the amplitude of BB¯∗ →
B∗B¯∗. Working relatively close to threshold, as is our case, the external momenta are small,
which means that ~k3 ≈ 0 and then only the µ = 0 component of Eq. (32) contributes,
k03 ≈ mB∗ . Thus,
tPV V ∼ ǫijkmB∗ ǫ3i kexj ǫexk , (34)
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which implies that the momentum of the exchange vector is only spatial. Next, for the
transition of BB¯∗ → B∗B¯∗, we can find
tBB¯∗→B∗B¯∗ ∼ ǫijkmB∗ ǫ3i kexj (k2 + k4)k ǫ2ν ǫν4 ∼ k2l mB∗ , (35)
where k2l is the magnitude of an external three momenta and is small. On the other hand,
for the Fig. 3 (b), the transition of B∗B¯∗ → B∗B¯∗, we can easily get
tB∗B¯∗→B∗B¯∗ ≃ (k1 + k3) · (k2 + k4) ǫ1µ ǫµ3 ǫ2ν ǫν4 ∼ 4m2B∗ , (36)
where we take an approximation of k0i ≈ mB∗ (i = 1, 2, 3, 4). Comparing with Eqs. (35)
and (36), we can conclude that the contribution of the transition of Fig. 3 (a) is anomalous
and subleading and then, we can take tBB¯∗→B∗B¯∗ ≈ 0, which is indeed the case if the actual
evaluation is done. In the leading order in the mQ counting where B and B
∗ have the same
mass, the term would go to zero. Therefore, we obtain
tBB¯∗→B∗B¯∗ =
1
2
(−λ0 + λ1) ≈ 0,
=⇒ λ0 = λ1.
(37)
Analogously, we have
λ0s = λ1s, (38)
λ0m = λ1m. (39)
So, one can see that some non diagonal elements of Eqs. (25)−(28) are zero in our hidden
gauge model. We can repeat the same arguments in cases where the exchange of a pseu-
doscalar is allowed, like V V → PP . Once again, one has the three momentum squared of
the exchanged pseudoscalar and the term is again subdominant. An important consequence
of this, is that in our approach the B and B∗ do not mix and then we get states for BB¯,
BB¯∗ and B∗B¯∗ independently, but coupled to the corresponding channels with Bs, B∗s .
Since the LEC’s are dependent on the isospin, we should take into account of the isospin
structure of the states. The isospin multiplets of B, B∗ are like for kaons and we have the
isospin doublets {B+, B0}, {B¯0, −B−} and the same for B∗. Hence,
|B∗B¯∗〉I=0 = − 1√
2
(|B∗+B¯∗−〉+ |B∗0B¯∗0〉), (40)
|B∗B¯∗〉I=1 = − 1√
2
(|B∗+B¯∗−〉 − |B∗0B¯∗0〉). (41)
We can easily derive λI=01 , λ
I=1
1 for B
∗B¯∗ → B∗B¯∗ by exchanging ρ, ω using Eq. (29),
ignoring possible terms with Υ exchange which are negligible, and we find
λI=01 = t
I=0
B∗B¯∗→B∗B¯∗ =
1
4
g2(
3
m2ρ
+
1
m2ω
)(4m2B∗ − 3s), (42)
λI=11 = t
I=1
B∗B¯∗→B∗B¯∗ =
1
4
g2(− 1
m2ρ
+
1
m2ω
)(4m2B∗ − 3s). (43)
We are also neglecting here the contact terms of the vector vector interactions of the hidden
gauge approach. These terms are of order (mV /mB∗)
2 with respect to the vector meson
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exchange terms [39], and hence negligible. In the charm sector they are small but not
negligible (of the order of 20 %) and they are kept in [39].
By taking mρ ≈ mω = mV in Eqs. (42) and (43), we get a general result,
λI=01 =
1
4
g2(
3
m2ρ
+
1
m2ω
)(m21 +m
2
2 +m
2
3 +m
2
4 − 3s), (44)
λI=11 = 0. (45)
Similarly, taking the interactions of B∗s B¯
∗
s → B∗s B¯∗s and B∗B¯∗ → B∗s B¯∗s , which now require
φ and K∗ exchange, we also get
λI=01s =
1
2
g2
1
m2φ
(m21 +m
2
2 +m
2
3 +m
2
4 − 3s), (46)
λI=11s = 0, (47)
λI=01m =
1√
2
g2
1
m2K∗
(m21 +m
2
2 +m
2
3 +m
2
4 − 3s), (48)
λI=11m = 0, (49)
This is a peculiar finding of the hidden gauge approach, which gives a null interaction in
the I = 1 sector. This would be in contradiction with the finding of the Zb(10610) and
Zb(10650) resonances which appear very close to the BB¯
∗ and B∗B¯∗ thresholds, such that,
assuming they are molecular states, it implies that the interaction is weak or subdominant,
as we are finding. In models where λ0, λ1 are fitted to some data, as in [15], one can get
I = 1 bound states.
Therefore, keeping HQSS constraints and determining LEC’s by the local hidden gauge
approach, finally Eqs. (25)−(28) can be simplified and combined as follow,
• I = 0, J = 0
BB¯ BsB¯s
 λ1 λ1m
λ1m λ1s


I=0,J=0
(50)
• I = 0, J = 0, 1, 2
B∗B¯∗ B∗s B¯
∗
s
 λ1 λ1m
λ1m λ1s


I=0,J=0,1,2
(51)
• I = 0, J = 1
BB¯∗ BsB¯∗s
 λ1 λ1m
λ1m λ1s


C=−
I=0,J=1
(52)
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BB¯∗ BsB¯∗s
 λ1 λ1m
λ1m λ1s


C=+
I=0,J=1
(53)
IV. THE COUPLED CHANNEL APPROACH FOR THE HEAVY QUARK SEC-
TOR
The scattering matrix is evaluated by solving the coupled channels Bethe-Salpeter equa-
tion in the on shell factorization approach of [46, 47]
T = [1− V G]−1 V, (54)
where the kernel V has been discussed in the former section and the propagator G is the
loop function of two mesons, which is given by
G(s) = i
∫
d4q
(2π)4
1
(P − q)2 −m21 + iε
1
q2 −m22 + iε
, (55)
where m1, m2 are the masses of the mesons, q is the four-momentum of one meson, and P
is the total four-momentum of the systems, thus, s = P 2. The integral for the G function,
Eq. (55), is logarithmically divergent. There are two methods to regularize it. One is the
dimensional regularization and the analytic expression can be seen in [47] with a scale µ and
the subtraction constant a(µ) as free parameter,
G(s) =
1
16π2
{
aµ + ln
m21
µ2
+
m22 −m21 + s
2s
ln
m22
m21
+
qcm√
s
[
ln(s− (m21 −m22) + 2qcm
√
s) + ln(s+ (m21 −m22) + 2qcm
√
s)
−ln(−s− (m21 −m22) + 2qcm
√
s)− ln(−s+ (m21 −m22) + 2qcm
√
s)
]}
, (56)
where qcm is the three-momentum of the intermediate mesons in the center mass frame. The
other method to regularize it is using a cut-off momentum, performing the integration
G(s) =
∫ qmax
0
d3~q
(2π)3
ω1 + ω2
2ω1ω2
1
P 0 2 − (ω1 + ω2)2 + iε , (57)
where ωi =
√
~q 2 +m2i , (i = 1 2), and qmax is the cut-off of the three-momentum, the free
parameter. Also the analytic formula of Eq. (57) can be seen in [48, 49].
Normally at low energies, the two regularization methods are compatible and there are
relationships between these free parameters, a(µ), µ and qmax [47] (see also Eq. (52) of [50]).
At higher energies, as discussed in [37, 51], there are large differences even not far away
from threshold. This is because, for heavy mesons one can accommodate large momentum
transfers with small energy, and cut offs of reasonable range, of the order of 500−1000 MeV,
already produce distorted G functions at excitation energies of the order of 100 MeV. On
the other hand, for energies below threshold the cut off method always gives G negative,
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while the dimensional regularization can produce G positive, leading to an unwanted result
of bound states with repulsive potentials (see discussion in [37]).
We are interested in bound states, so, we will rely upon the cut off method. Then it is
useful to recall how the on shell Bethe-Salpeter equation that we use here are derived with
a Quantum Mechanical approach. This is done in [52] and one can write,
V (~q ′, ~q ) = 〈~q ′|Vˆ |~q 〉 ≡ v f(~q ′)f(~q ). (58)
Then one shows in [52] that the T matrix factorizes like Eq. (58) and one has
T (~q, ~q ′) = 〈~q |Tˆ |~q ′〉 ≡ t f(~q )f(~q ′), (59)
and then the Lippmann-Schwinger equation becomes
t = [1− v G]−1 v, (60)
but now
G(s) =
∫
d3~q
(2π)3
f 2(~q )
ω1 + ω2
2ω1 ω2
1
P 0 2 − (ω1 + ω2)2 + iε . (61)
Once again we can write the integral equation as an algebraic equation [46]. Note that
Eq. (60) has the same format as Eq. (54), but, the matrices t, v are defined by Eqs. (58)
and (59), and the loop function G(s) is changed to Eq. (61) which absorbs a momentum
dependent form factor from the factorized potential. A form factor f(~q ) that appears in our
approach is discussed in [37] and comes from the light vector meson exchange. It is obtained
from the vector meson propagator keeping the three momentum exchange, ignoring the
energy exchange. Hence,
f(~q ) =
m2V
~q 2 +m2V
. (62)
This allows us to keep for v the same potentials that have used before, and the effect of
the form factor of Eq. (62) is absorbed in the G function, Eq. (61), that now becomes
convergent. Certainly, for dynamical reasons, or just to account for missing channels in the
approach, one still has some freedom in qmax which we shall use in the results section.
Note that the introduction of qmax in the G function, is equivalent to multiplying the
form factor f(~q) by the step function θ(qmax − q). The potential in coordinate space can be
obtained by Fourier transforming Eq. (58). A smaller cut off would imply a wider potential
and a more spread wave function. The spread of the wave function would be relevant when
discussing the variation of the couplings as one changes the cut off (see also [52]).
The molecules appear as the poles of the t matrix given in Eq. (60). The coupling of a
given resonance of mass mR to the i
th channel can be obtained through:
g2i = lim
s→m2r
(s−m2R)tii (63)
Instead of taking this limit, which would require a high precision determination of mR, the
limit can be expressed as a loop integral in the complex s plane:
g2i =
1
2πi
∮
tiids (64)
where the integral is over a closed path in the complex s plane around the pole at s = m2R
and not crossing the branch cuts.
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V. RESULTS AND DISCUSSION
In our formalism we used the following values for the masses of the mesons: mB = 5.28
GeV,mBs = 5.37 GeV,mB∗ = 5.325 GeV,mB∗s = 5.415 GeV,mK∗ = 0.892 GeV,mω = 0.783
GeV, mρ = 0.775 GeV, mφ = 1.019 GeV. The leptonic decay constant of the pion is taken
as fpi = 93 MeV.
An important parameter in the analysis is the cutoff used to regularize the loop functions.
In the heavy quark limit, the value of qmax should be independent of quark flavor. To see
this, note that in the heavy quark limit, the binding energy of states is independent of the
heavy quark mass. In terms of the t matrix, this means that the position of the poles of
the t matrix with respect to the threshold should be independent of the heavy quark mass,
i.e., vG should scale as m0Q in the heavy quark limit. Since the potential v scales as m
2
Q in
the heavy quark limit1, the G function should scale as m−2Q to cancel the mQ dependence
of the potential v. In the definition of the G function, Eq. (57), if one makes the following
approximations:
wi ≃ mQ,
1
(P 0)2 − (w1 + w2)2 + iǫ ≃
1
4BmQ
, (65)
where B is the binding energy, the G function can be estimated as
G ≃ 1
4Bm2Q
∫
q<qmax
d3q
(2π)3
f(q2)2. (66)
Since G has to scale as m−2Q in the heavy quark limit, the integral has to scale as m
0
Q,
and hence qmax should be flavor independent in the heavy quark limit.
Requiring that the presented formalism predicts a bound state of mass 3720 MeV, as
found in [8], when the B meson masses are replaced by the analogous D meson masses,
yields the value qmax = 415 MeV. Assuming that this cutoff is independent of the heavy
flavor, the same value is used in the B-meson sector. To estimate the errors due to variation
of this cutoff, the spectrum is also analyzed using twice this value: qmax = 830 MeV. These
values are also consistent with the typical scales proposed in [20].
A similar analysis of the G function obtained using dimensional regularization, would
yield the mQ dependence of the subtraction constant aµ. In the dimensional regularization,
there appear two constants µ and aµ. These two constants are not independent and any
change in one of them can be compensated by a change in the other one. Using this freedom,
we will fix µ = (m1 +m2)/2, i.e. the average of the masses of particles running in the loop.
Although any other choice of µ would be equally valid, this choice leads to a simple heavy
quark limit of aµ, and at the same time keeps the symmetry of the integral defining the G
function under the exchange of the masses m1 ↔ m2.
In the expression of the G function given in Eq. (56), substituting sR = (m1+m2−B)2,
mi = mQ+λi, and expanding around 1/mQ = 0, the scaling of the G function, as a function
1 When the v potential in this field theoretical approach is converted into the ordinary potential in Quantum
Mechanics, the latter becomes of the order m0Q as shown in [36].
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of the heavy quark mass at the resonance is obtained as:
G =
1
16π2
[
aµ + π
√
B
mQ
− 2 B
mQ
+
1
8
π
(
1
mQ
)3/2√
B(2λ1 + 2λ2 − 3B) +O
(
1
m2Q
)]
(67)
As one can see, it is not easy to make G scale as m−2Q in a wide range of energies. Actually,
problems arising from the use of the standard dimensional regularization formula in the B
meson sector were already discussed in [51]. There the G function in dimensional regular-
ization was made to match at the threshold the cut off result. This guaranteed that the
energy dependence below threshold was very similar in both methods. But this similarity
holds only in a very narrow region of about 10 MeV. Beyond this region, both below and
above, the results were quite different. These problems and the fact that we could match
the m−2Q behavior of G in the cut of method makes this latter choice preferable and this is
what we follow in this paper.
In principle, by exchanging K∗ mesons, the hidden strange sector is coupled to the non-
strange one. When discussing coupled channels with such a small cut off for coupled channels
with different masses, some technical details are in order. If we study bound states of BB¯
and we add the BsB¯s channel, the G function for BsB¯s in the energy region around the BB¯
threshold is negligible and then the effect of the BsB¯s coupled channel is washed away.
The reverse has technical problems. If we investigate a possible state around the BsB¯s
threshold, separated by 180 MeV from the BB¯ threshold, the BB¯ state would have a mo-
mentum of 980 MeV/c, which is bigger than the cut-off chosen. This means that the G
function for BB¯ around the BsB¯s threshold will be unrealistic with the small cut-off chosen
and we can not use this method. It is better to argue that the BB¯ state will not influence
any possible BsB¯s bound state in the same was as the BsB¯s did not influence the bound
state BB¯. The only difference is that the BsB¯s bound state could decay to the BB¯ channel,
but the disconnection of these states will make its width also small. We can even estimate
this width by taking ReGBB¯ = 0 around the BsB¯s threshold which we expect on physical
grounds, but keeping ImGBB¯ which can be calculated analytically to be:
ImG = − 1
8π
qcm√
s
f(q2cm)
2 (68)
where qcm is defined after Eq. (56).
In all the cases analyzed, coupled channels wash away the second pole, which is dom-
inantly a hidden strange state. This second pole has a weak strength even in the single
channel case. The origin of the lack of a second pole in the coupled channel case can be
traced back to the potential v. When the effects of coupled channel analysis are taken into
account, the dominant contribution to the determinant of the potential is proportional to2
m4K∗ −m2φm2ρ with a small correction from the mass difference of the hidden strange sector
and the non-strange one (see Eqs.(44)−(49)). Since m2K∗ ≃ mφmρ, this determinant is very
small, hence one of the eigenvalues is very close to zero. This means that, in the correspond-
ing channel, which is mostly hidden strange state, the mesons do not interact and hence can
not form a bound state.
2 Here, we are assuming that mρ = mω
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In the JPC = 2++ sector, the available channels are the B∗B¯∗ and B∗s B¯
∗
s . When the
coupled channel effects are taken into account, the t matrix has a single pole which is
located at mR = 10613 MeV (mR = 10469 MeV) when qmax = 415 MeV (830 MeV). This
corresponds to a binding energy of 37 MeV (181 MeV) with respect to the B∗B¯∗ threshold.
In Table I we present the masses and the couplings of this resonance to various channels for
qmax = 415 MeV and qmax = 830 MeV. It is observed that both the binding energy and the
couplings strongly depend on the value of the cut off chosen. Increasing the cut off from
qmax = 415 MeV to qmax = 830 MeV changes the binding energy by about 140 MeV whereas
the couplings increase by a factor of two. This increase in the couplings is expected since
as one increases the cut off, the potential has larger extent in momentum space, and hence
the wave functions become narrower in coordinate space. A narrower S wave wave function
necessarily has a larger value at the origin. Since the couplings are proportional to the wave
function at the origin, as the wave function gets narrower its value at the origin increases
and the coupling grows.
As mentioned before, we deem the value of the lower cut off more realistic, and also in
tune with [20]. The value obtained with qmax = 830 MeV should be considered a generous
upper bound.
In Table II, we present the properties of resonances if the coupled channel effects are
ignored. It is seen that the properties of the lighter resonance changes slightly by the removal
of the coupled channel effects. Its mass increases by 3 MeV (31 MeV) and its coupling to
the B∗B¯∗ state is reduced by about 5% (10%) if the cut off is taken as qmax = 415 Mev
(830 MeV). Since the coupled channel effects are ignored, this resonance does not couple
to B∗s B¯
∗
s . In this case, a weakly bound second pole is also observed in the B
∗
s B¯
∗
s channel.
This second pole has a binding energy of 2 MeV (18 MeV) when the cut off is taken to be
qmax = 415 MeV (830 MeV). This binding energy is more than ten times smaller than the
binding of the lighter resonance. The coupling of this heavier resonance to B∗s B¯
∗
s is also
about four times smaller that the coupling of the lighter resonance to the B∗B¯∗ channel.
TABLE I. The couplings to various channels for the poles in the JPC = 2++ channel for qmax = 415
MeV (left panel) and qmax = 830 MeV (right panel)
10613 B∗B¯∗ B∗s B¯∗s 10469 B∗B¯∗ B∗s B¯∗s
gi 18703 9955 gi 38112 20290
TABLE II. The couplings to various channels for the poles in the JPC = 2++ channel for qmax = 415
MeV (left panel) and qmax = 830 MeV (right panel) ignoring coupled channels
10616 B∗B¯∗ B∗s B¯
∗
s 10500 B
∗B¯∗ B∗s B¯
∗
s
gi 17708 0 gi 34719 0
10828 B∗B¯∗ B∗s B¯
∗
s 10812 B
∗B¯∗ B∗s B¯
∗
s
gi 0 4252 gi 0 9484
In a B∗B¯∗ molecule, the vector mesons can also combine in a total spin 1 (JPC = 1+−) or
0 (JPC = 0++) state. In the heavy quark limit considered in this work, these channels are
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degenerate with the total spin 2 state. Hence, their properties are identical to the properties
of resonances shown in Tables I and II.
Besides the J = 1 combination in the B∗(s)B¯
∗
(s) channel, there are four other states with
J = 1 formed by B(s)B¯
∗
(s). These states have quantum number J
PC = 1++ and JPC = 1+−
and are B(s)B¯
∗
(s)− c.c. and B(s)B¯∗(s)+ c.c. respectively. These channels are degenerate in
the heavy quark limit (see Eqs. (52) and (53)). The properties of resonances in these
channels are shown in Tables III and IV. As in the JPC = 2++ channel, if coupled channels
are taken into account, there is only one resonance. This resonance has a binding energy
of 37 MeV (180 MeV) with respect to the BB¯∗ threshold. Compared with the previous
case, the binding energy is found to be degenerate with the binding energies obtained in the
JPC = 2++ channel. Due to the smaller mass of the BB¯∗ system compared to the B∗B¯∗,
the couplings to various channels are slightly smaller.3 The results obtained when coupled
channel effects are ignored are presented in Table IV. As in the case when coupled channel
effects are taken into account, the binding energies are degenerate with the corresponding
case in JPC = 2++ sector, and the couplings are slightly reduced.
TABLE III. The couplings to various channels for the poles in the JPC = 1+− and JPC = 1++
channels for qmax = 415 MeV (left panel) and qmax = 830 MeV (right panel)
10568 BB¯∗±c.c. BsB¯∗s±c.c. 10425 BB¯∗±c.c. BsB¯∗s±c.c.
gi 18583 9910 gi 37867 20199
TABLE IV. The couplings to various channels for the poles in the JPC = 1+− and JPC = 1++
channels for qmax = 415 MeV (left panel) and qmax = 830 MeV (right panel) ignoring coupled
channels
10571 BB¯∗±c.c. BsB¯∗s±c.c. 10455 BB¯∗±c.c. BsB¯∗s±c.c.
gi 17591 0 gi 34485 0
10782.9 BB¯∗±c.c. BsB¯∗s±c.c. 10768 BB¯∗±c.c. BsB¯∗s±c.c.
gi 0 4223 gi 0 9433
TABLE V. The couplings to various channels for the poles in the JPC = 0++ channel for qmax = 415
MeV (left panel) and qmax = 830 MeV (right panel)
10523 BB¯. BsB¯s 10380 BB¯ BsB¯s
gi 18538 9865 gi 37760 20102
In Tables V and VI, we present our results for the JPC = 0++ sector. In this sector,
the new states are BB¯ and BsB¯s. The similarities that we observed when comparing the
3 The couplings are related to the wave function at the origin. Due to the smaller masses, the wave function
spreads more, reducing the value of the wave function at the origin.
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TABLE VI. The couplings to various channels for the poles in the JPC = 0++ channel for qmax =
415 MeV (left panel) and qmax = 830 MeV (right panel) ignoring coupled channel effects
10526 BB¯. BsB¯s 10410 BB¯ BsB¯s
gi 17551 0 gi 34401 0
10738 BB¯ BsB¯s 10723 BB¯ BsB¯s
gi 0 4195 gi 0 9381
JPC = 2++ and JPC = 1+± sectors also exists when the JPC = 0++ channel is compared
with the previous cases, i.e. the binding energies are degenerate with the previous cases and
due to the even smaller total mass in the B(s)B¯(s), the couplings are smaller. The binding
obtained here for BB¯ with the small cut off is very similar to the one obtained in [24] using
the extended chiral quark model, where vector mesons are allowed to be exchanged between
quarks, with clear similarities with the dynamics of the local hidden gauge approach.
Note that the observed degeneracies are consistent with the results obtained in [15, 54, 55].
In these works, it is shown that in the heavy quark limit, in the spectrum of molecules of
Q¯q and q¯Q where Q is a heavy quark and q is any other quark, the JPC = 0++, 1++, 2++
and 1+− states have degenerate binding energies. Furthermore, there are two other states
with JPC = 0++ and 1+− that have degenerate binding energies which are not necessarily
degenerate with the previous four. In our work, we observe that all six states have degenerate
binding energies. These degeneracies can be observed from Eqs. (25)−(28). If one uses the
HQSS basis, Eqs. (25) and (26) will be brought to a block diagonal form. One of these
blocks in both of these matrices is identical to the matrix given in Eq. (27), resulting in
four degenerate states. The other block is given by
 λ0 λ0m
λ0m λ0s


I=0
(69)
and this block in each of the two matrices correspond to the other two degenerate states.
In the approximations used in this work, the low energy constants λ0 and λ1 are equal (see
discussions leading to Eqs. (37)−(39)). Then automatically we get the uncoupled potentials
of Eqs. (50)−(53). Hence, in this approximation, all six states should be degenerate in
binding, and this is indeed observed in our analysis.
VI. CONCLUSIONS
In the present work we investigate the hidden beauty sector by combining the dynamics
of the local hidden gauge Lagrangians extrapolated to SU(4) with the constraints of Heavy
Quark Spin Symmetry. The SU(4) symmetry is broken to SU(3) symmetry by taking large
masses for the mesons containing a b-quark.
It is shown that in the I = 1 sector, the interaction is too weak in the current approach
to form any bound states. In the I = 0 sector, both the hidden strangeness and non-strange
channels are analyzed. The results show that the binding energies in all the possible JPC
channels are degenerate.
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When the couplings between the hidden strange and non strange sectors are ignored,
bound states are observed in both sectors. Hence there are a total of 6 hidden beauty reso-
nances, with binding energies 34 MeV (178 MeV) with respect to the non strange threshold,
and 6 hidden beauty-hidden strange resonances, with binding energies 2 MeV (18 MeV) with
respect to the hidden strange threshold, for a cut off value of qmax = 415 MeV (qmax = 830
MeV). The hidden beauty-hidden strange resonances are found to be weakly bound.
Our prediction of the existence of resonances close to the the hidden strange threshold is
not robust with respect to the effects of the coupled channels. When the coupled channel
effects are taken into account they disappear, whereas the masses of the other resonances
are only slightly modified. Hence we predict with confidence the existence of (at least) 6
resonances in the hidden beauty sector, with possible other 6 heavier resonances which are
mainly hidden beauty-hidden strange resonances.
The couplings of each resonance to the various channels are also analyzed and for the
lighter resonance in each channel, the couplings are shown to depend very slightly on the
couple channel effects. It is also shown that the couplings are quite sensitive to the value of
the cut off used, hence they should be taken more as an order of magnitude estimate rather
than precise predictions. When any of these states is experimentally found, the tuning of
the cut off to the observed energies will also allow to be more precise on the value of these
couplings.
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